Although axons in the peripheral nervous system can regenerate, functional recovery after nerve injuries is poor. Activity-based therapies, such as exercise and electrical stimulation, enhance the regeneration of cut peripheral axons. Despite their effectiveness, clinical application of these experimental techniques has been limited. At least part of the basis for this translational barrier has been a lack of information as to the precise mechanism of activity-based therapies on peripheral axon regeneration. To evaluate the requirements for neuron-type specific activation to promote regeneration using these therapies, in the current protocol, we employed optogenetics. Utilizing the advantages of transgenic mouse lines we targeted opsin expression to different neuron types. Using fiber optics we activated those neurons with high temporal specificity as a model of activity-based intervention after nerve injury and to measure functional recovery achieved after such a treatment.
temporal precision, and by targeting of that expression to different neuronal populations the role of that activity can be studied very specifically. Our lab and others have demonstrated that activity-based experimental therapies, such as exercise and electrical stimulation, if applied after peripheral nerve injury will enhance the regeneration of cut axons of motor and sensory neurons (Al-Majed et al., 2000; Brushart et al., 2002; Wood et al., 2012 ; Thompson et al., 2014) . Exercise in the form of treadmill running is a powerful promoter of axon regeneration but it is difficult to separate the effects of exercise-induced activation of injured neurons from other effects, such as alterations in available hormones, changes in muscle properties, modulation of immune cells or activation of uninjured neurons in networks that generate the locomotion. Furthermore, when modeling the effects of exercise on recovery from peripheral nerve injury, it is difficult to determine whether the effect is due to the production of action potentials in the neurons whose axons have been severed or whether exercise may alter the membrane potential of axotomized neurons without directly causing it to fire an action potential. To determine these parameters would be highly challenging in an awake behaving animal running on a treadmill.
Brief electrical stimulation of a cut peripheral nerve also enhances axon regeneration (Elzinga et al., 2015; Gordon and English, 2016) . It offers some technical advantages in probing the mechanism of action of exercise on peripheral axon regeneration. A specific peripheral nerve can be unilaterally targeted by applying stimulation to the nerve, and the frequency and duration of stimuli (action potentials) Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 2 www.bio-protocol.org/e3281 Bio-protocol 9(12): e3281. DOI: 10.21769/BioProtoc.3281 applied to the nerve can be controlled. However, other cell types within a peripheral nerve also respond to electrical stimulation (Schwann cells and probably immune cells), and the conductive nature of tissues can facilitate current spread. The lack of cell-type specificity of electrical stimulation and exercise also have limited some of the mechanistic questions that can be proposed. Here, we describe a way to use optogenetics to apply a cell-type specific activity-based therapy and also to use optogenetics to provide a functional outcome measure (direct muscle response, i.e., the direct M response) following nerve injury.
We used mouse genetics to target the expression of the light-sensitive cation channel, channelrhodopsin 2, selectively in sensory neurons, motoneurons, or both. In the mice we used, only a subset of the neurons with axons in peripheral nerves expressed this opsin, those that also express yellow fluorescent protein (YFP); other neurons acted as internal controls. We then activated the opsinexpressing neurons by application of light to their axons in peripheral nerves. We found that brief optogenetic activation enhanced peripheral axon regeneration regardless of whether motor or sensory neurons were treated individually or synchronously ( Figure 1 ). We also used optogenetics to measure functional recovery using electrophysiology (Ward et al., 2016) .
A major advantage of the use of optogenetics in this model system is that activity can be discretely controlled in genetically targeted neuronal populations of interest. Optogenetics can be used to evaluate the mechanism behind the success of activity-based therapies on peripheral axon regeneration. For example, we have also used an inhibitory opsin, Natromonas halorhodopsin, fused to a light-emitting Renilla luciferase and Venus (a protein for bioluminescent resonance energy transfer that amplifies the emitted light) (Tung et al., 2015; Berglund et al., 2016) to inhibit neuronal activity during treadmill exercise. The luciferase oxidizes a small molecule substrate, h-Coelenterazine, to generate yellow photons and activate the halorhodopsin. Thus, after administration of h-Coelenterazine, neurons expressing this iLMO2 fusion protein become hyperpolarized. In motoneurons whose axons were regenerating, we found that inhibiting motoneuron activity during treadmill exercise blocked the enhancing effect of exercise (Jaiswal et al., 2017) . Considered together, the results of these optogenetic experiments lead us to conclude that neuronal activity is both necessary and sufficient to promote the regeneration of injured peripheral axons.
Future advances in excitatory and inhibitory opsins, bioluminescence, luminopsins and chemogenetics will continue to facilitate the development of neuromodulation and novel gene therapy approaches. Via chemogenetic manipulation using DREADDs (Cre-dependent excitatory designer receptor exclusively activated by designer drugs), we have shown that subthreshold excitation of motoneurons and sensory neurons is sufficient to enhance their regeneration (Jaiswal et al., 2018) . The application of these new optogenetic tools will expand our ability to further define the activity requirements of highly specific neuronal populations. Copyright Note: Other software is commercially available to run optogenetic hardware (e.g., ThorLabs).
Data acquisition and stimulation program
Our data acquisition and stimulation program were developed in-house using National
Instruments' Labview ® programming language. The program monitors ongoing activity for one of the input channels for nerve or electromyography/electroneurogram (EMG/ENG) activity. This is displayed on the left of the front panel ( Figure 2C ). When the average value of activity falls within a user-defined voltage window for 20 ms, a stimulus is output to wire cuff electrodes or optical devices, either LEDs or laser pulses, and data are recorded for a given period, written to disc and displayed in windows to the right of the front panel ( Figure 2C ). The data can then be analyzed off-line as described below.
Procedure
A. Construction of cuff electrode ( Figure 3A 2. Thread the two lengths of fine wire through a sterile 25 G needle.
3. With a scalpel, gently scrape away the green insulation from the tips of the fine wire so that ~1.5 mm of wire is exposed as the electrode. Fold the de-insulated wires to form "hooks" at the needle tip. Stagger the tips so that the de-insulated portions of the two wires are not in contact with each other.
4.
On the distal length of the fine wires, gently scrape away ~1 cm of the green insulation. This end will connect to the pre-amplifier. Copyright 5. Make a 1-inch skin incision in the skin over the posterior thigh to expose the hamstring muscles overlying the sciatic nerve.
6. Gently blunt dissect the hamstring muscles apart in the fascial plane to expose the sciatic nerve.
7. Insert the fine wire needle electrode into the gastrocnemius muscle ( Figures 4A and 4B ). Place the electrode in a common location in each animal (the muscle will atrophy significantly after nerve injury).
8. Place the cuff around the sciatic nerve ( Figure 4B ) and gently hold the tubing closed with a suture.
9. Position the fiber optic cable so that the tip is gently contacting the sciatic nerve Figure 4A . Use a clamp to hold the cable in place. Take care that the clamp does not break the fiber optic.
Optional: A specific branch of the sciatic nerve can be selectively stimulated by dissecting the epineurium to separate the tibial and common fibular nerves ( Figure 4C ). or Chat:ChR2).
Record potentials from the muscle and nerve in response to light stimulation. Stimuli should be
delivered no more often than once every three seconds to minimize any muscle fatigue.
Note: If recording from the nerve, action potentials will propagate in both directions along the nerve from the light source. In mice in which ChR2 expression is restricted to sensory neurons, e.g., the AvilCre:ChR2 mouse, no muscle twitch (or direct M response) should be present.
Instead, potentials can only be recorded from the nerve cuff electrode as an electroneurogram ( Figure 5A, right) . Copyright 4. Allow the fibrin glue to dry.
5.
Gently probe the film with forceps to ensure that the nerve is secured to the Silastic film.
6. With sharp spring scissors, transect the nerve where it is glued to the film and ensure that no fibers remain in continuity at the deepest part of the nerve.
7. Apply more fibrin glue to the transected nerve.
E. Post-operative recovery and monitoring
Once all wounds have been closed with suture, animals should be placed in a clean recovery cage on an approved water bath-regulated heating pad so that half of the cage is heated and half is at ambient room temperature. Animals should be monitored every 15 min until fully recovered from anesthesia at which time they will be moved into their housing room. The non-absorbable skin sutures should be removed from the skin ~7-10 days. Loss of 25% of body weight from pre-operative body weight is considered evidence that the animal is debilitated, and a veterinary consult should be obtained regarding euthanasia.
Data analysis
In our experiments, recording stimulus-evoked activity starts 20 ms before stimulation (considered background activity) and ends 50 ms after stimulus delivery.
1. Raw signals were amplified (1,000x) and band-pass filtered (100-1,000 Hz).
2. Data were sampled at 10 kHz.
3. Responses to 10-30 stimulus presentations at each stimulus intensity studied were averaged. Thus, we recommend that the fiber optic cables be periodically tested for light output by using a photodiode power sensor (available at ThorLabs) suitable for the wavelength of light being utilized.
2. Latencies are sometimes used in humans to inform clinicians about type of axons (e.g., C fiber versus Aδ) they are recording from. However, in the mouse, the available distances between the recording and stimulating sites are very small and do not lend themselves well to such analyses.
3. More optical tools and optogenetic mice will become available. With the three genotypes of mice, we have tested with channelrhodopsin, the duration of the light pulse required to evoke a response varied. Therefore, we strongly suggest that a range of light pulse durations be tested before applying as a treatment or to produce optical data as an outcome measure.
4.
In the majority of Chat-ChR2-YFP mice, the observed M response produced by optical stimulation dissipated or disappeared completely during optical treatment at 20 Hz. The activation of the channelrhodopsin simply could not follow this rate of light application . At slower optical stimulation rates (e.g., 10 Hz) M responses could be evoked reliably.
In these animals, light stimulation was applied at 10 HZ but for two hours. Others have shown that the absolute number of stimuli, not the rate of stimulation, is the most critical parameter for enhancing peripheral axon regeneration (Park et al., 2015) .
5.
We initially attempted these experiments with light-emitting diodes (LEDs) constructed inside the tubing (similar to Michoud et al., 2018) . It is critical to insulate the solder points and frequently test them for electrical leaks. Handling the LED cuff with forceps and the bending that occurs at the solder points can cause an unwanted leak of electrical current (and electrical stimulation of the nerve).
